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SECTION I
Summary

This is the final report on a study of the roughness of the lunar
surface, considering meteoric infall as the genesis of craters
and the dust layers. By roughness is meant the likelihood of
encountering large blocks of ejecta or debris thrown out of the
crater. The size distribution and depth of the resulting dust

or rubble layer has been calculated. :

This study is divided into two main parts. The first part con-
siders what happens during individual crater formation and com-
putes the size distribution of the ejected material from individual
craters. Also computed is the distance the material is thrown.

In the second section,:using a matrix method developed previously,
an estimate is made of the size distribution and depth of the

dust on the moon as a function of time. Only one set of infall
data has been used.

There is nothing discovered in this study which indicates that
the size distribution of the dust on the lunar surface is a
hazard." Blocks a foot in size and larger are rare. They are so
rare that they are not likely to be detected on any of the Ranger
pictures. This is discussed in greater detail in Section VI.

The depth of the dust, computed from using Hawkins (1) infall
data, is estimated at 25 feet if a volume density of .4 is used.

- The dust itself is quite fine. Fifty percent of the mass of the

material is finer than 40 micronsy; 80 percent of the mass is
finer than 180 microns, and 99.9 perceat of the mass is finer
than 1 millimeter. The size distribution of the dust remains
relatively constant while the depth is sensitive to the age of
the moon and infall rate. : , ‘

In our study of cratering several interesting conclusions have
been reached. First, near the edge of a new, large crater a
number of larger blocks can be expected. While these blocks
are rare over most of the lunar surface, near the rims of large
craters they are more frequent. Thus, landing in this region
would be hazardous. ’

If one assumes the normal scaling laws used to estimate mass
of ejecta in a crater as a function of energy it leads to a
paradox. The law as it is usually stated says that the mass
of ejecta is proportional to the energy of the infalling particle.
If one assumes this energy law and that shattering or comminution.

-1~




of the crater stops when the energy in the compressive elastic
wave falls belaw a given density, then one can derive that
there will be a lower limit beyond which craters cannot form.
The latter assumption implies that there is a physical property
of the rock - probably strength - which determines whether it
will or will not break. This paradox has not been resolved.

Another scaling law which does not work is the distribution of
the debris around the crater. sSmall craters are scoured clean
of ejecta. It is thrown many diameters away. For large craters,

. however, the larger blocks are in the crater or near its rim.

This means the new, smaller craters will be symmetrical in out-
line and will have little or no trace of ejecta near them.
Larger craters will show ejecta patterns near their rims which
give them a rough unsymmetrical appearance.

The authors would like to state unequivocally that all the
estimates are the result of a theoretical study that led to a
rather complex computer program. Though the results seem rea-
sonable there is always the chance. that logic or programmlng
errors exist. This is more likely because the program in its
totality may run but once. On the other hand, the authors see

- no "prima facie" reason to doubt the results.
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SECTION II
Introduction and Fundamentals

The dominant features of a lunar surface are the craters. The
majority of the visible craters are believed to have been
caused by the infall of meteoric bodies. These bodies strike
the lunar surface, build up very high pressures and explode.
This process of cratering breaks up and throws out a quantity
of debris. These rock fragments land, cause secondary craters
and, over a period of time, are eroded by the infall of finer
particles bombarding the lunar surface.

To estimate the lunar roughness it is necessary to consider
‘this process of cratering caused by the infall. It is assumed
in this study that the original lunar surface was hard, brittle
rock similar to a fine grained basalt. It is furthermore
assumed that the infall breaks this surface in a brittle manner.
The brittle fracture of brittle rocks is known as comminution.
Comminution is a widely used industrial process. Over the last
hundred years a body of knowledge has grown up on comminution
processes and recently some theoretical work has yielded a
clearer understanding of the processes.

When a brittle solid - and glass is an excellent example - is
compressed energy is stored in the solid. When the energy
density reaches a given level catastrophic failure occurs. The
solid breaks up into a size spectrum of daughter fragments.
These daughter fragments range in size from that of the origi-
nal particle down to molecular size. If the amount of energy
stored in the crystal lattice is increased, then, the amount

of shattering or comminutien will increase. It has been found
that for materials in slow compression that doubling the stored
energy doubles the amount of comminution. This is known as the
energy density law.

To better understand the comminution process Meloy(2)~assumed
that a ramulous network of random cracks passed through the
specimen. It was assumed that the crack density was proportional
to the energy stored in the lattice. From these assumptions

came the equation

(2.1) M(y,z) =1 - (1-y)?




where M(y,z) is the mass of material finer than particles of

size x,, and r, is the parameter that is Qg?portional to the

energy” stored in the lattice. Karpinski , et. al. independently
postulated this equation empirically by observing the size dis-
tribution of fragments broken by impact. Also independently
Gilvarry (4) from a similar model derived an equation which be-
haves very similar to equation 1. Thus, recently, a theoretical
equation which fits the experimental data has been developed

to describe comminution events occurring in brittle solids with

uniformly distributed energy densities. 1In the theoretical
derivation of equation 1, it was assumed that the energy density
throughout the specimen was uniform. Furthermore, it was assumed
the crack density was a linear function of the energy stored at
any given point. Many investigators working with a variety of
materia%g)have found ?E?t this is ?5?e. Amongst them are

Charles , Bergstrom and Hukki .

For cratering phenomenon a somewhat different assumption must be
made. As the elastic compressive wave moves radially outward
from the zero point of impact the strength of the wave decays.
This means that the energy stored in the crystal lattice varies
from point to point. . -

’ N

N
.
PJ

Figure
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Figure 2.1 shows a section of a solid angle where at the top

the energy density is higher than at the bottom. It is assumed
that the crack density is a function of the energy density and,
hence, more cracking takes place at the top than at the bottom.

To derive an equation which describes the size distribution of
the fragment from a truncated pyramid where stored energy varies
from position to position in the solid it is necessary to vary
the classical approach. To describe this mathematically it is
assumed the size distribution within any element of volume 4V

is directly proportional to the stored energy. By summing the
size distribution for each incremental volume an overall size
distribution equation can be derived. Thus one ‘obtains

z
P

2.2) M,z =9 | {1 - 0n* ) av
%V

In this equation V is the volume, dV is the differential volume
~and z(r) has replaced z in equation 2.1 and is the energy as

a function of the distance, r, from the zero point of impact.
Integrating this equation over the volume yields M(y,z), the
cumulative mass of material finer than size of y, for a specimen
in which the energy density varies from point to point in the
specimen. C

Therefore, in developing an adequate crater model it is important
to know how the energy decays with position. In Section IV an
energy decay law is derived. This energy decay law specifies
the amount of energy available for comminution as a function of
position in the specimen. Furthermore, since material leaves
the crater it is important to know the amount of energyavail-
able for ejecting material from the crater. It also is import-
ant to know the fraction of the available energy that goes into
kinetic energy of the particles. It is assumed that the kinetic
energy of a fragment is directly proportional to the energy
density and the surface area of the fragment. This energy
partition is discussed in Section V on cratering.

secondary craters are formed. Particles after traversing a
specified distance land on the lunar surface and form their own
crater. It was found, as discussed in Section VI, that the
amount of secondary cratering was negligible as far as commin-
ution is concerned.
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It should be pointed out that only the solid particles are con-
sidered in this analysis. When a high speed particle collides
with the target a small portion of the ejecta is melted and
thrown out at very high speeds in a process called )etting.
Because of this small amount of material involved and lack of
an adequate available model, this mechanism was omitted from
our analysis. When the particles land on the lunar surface,
and speaking here of the larger particles, they may be. travel-
ing with sufficient speeds to break themselves up. Karpinski(3)
has shown that equation 1, derived by Meloy(z), holds in this
case and that r, the parameter directly proportional to energy,
is equal to the kinetic energy of the particle. This effect
was investigated and omitted. The discussion is in Section V.

In this "hard rock" model several negative assumptions were made;
including the fact that no plastic deformation occurs in the

rock. Basically the only importance of plastic deformation would
be in the profile of the crater. Since an accurate crater pro-
file was not germaine to the study, the assumption of no plastic
deformation is not considered important. As mentioned previously,
the liquid droplets in the jetting phase of the blast were not
considered in our analysis. Much of the mass of these high speed
particles leaves the lunar surface and does not affect the amount
of secondary comminution. The amount of mass involved is small
and the total effect on the analysis is to increase the estimate
of the lunar surface roughness. It was assumed that the moon
neither gained nor lost material. This assumption can very easily
be changed in the program.

Whenever assumptions or choices were made during this analysis,
the choice leading to a rougher lunar surface was chosen. All
assumptions made in this study were made on the basis of their
merit alone. No attempts at curve fitting or changing assump-
tions to fit the facts were made at any point, except as noted.
In fact, the program was only run once and all data is from
that single run. '

-6~



SECTION IIX
The Hard Rock Model

The fundamental comminution process on the lunar surface is

the formation of craters in the lunar surface material by
meteoric ? Tbardment. Published infall data indicates that the
frequency of such impacts increases rapidly with diminishing
particle size. As a result, an exposed rock particle has a much
higher probability of being struck by a particle much smaller
than it, than by one of the same size or larger. As a result,
most lunar impacts resemble a single projectile fired into a
hard rock surface.

When a projectile strikes a hard surface, enormous pressures _
are built up in the vicinity of the impact. The material under-
goes deformation and, at sufficiently high energy densities,
melting and vaporization occurs. This molten and gaseous material
is forced out of the crater at high velocities. Although the
volume of material involved is very small compared to the total
crater volume, this jetting process represents an important
energy sink. The pressure wave is transmitted from the impact
point into the substrate. It is assumed that this energy wave
is transmitted equally in all directions into the substrate
material. Thus the energy wave propagates with hemispherical
symmetry. After the energy wave decays to the point where the
material is no longer molten it is assumed that this energy wave
is the sole cause of cracking, heating and motion of the crater
material. Although little work was done on the wave form of

the energy wave, it is assumed to be a compression rarifaction
wave followed by other disturbances of smaller amplitudes.

Cracking can take place as a result of the hoop-stresses set up
by the compression wave or as a direct result of the tension
caused by the rarifaction wave. The hoop-stress cracking will
be carried along by the crest of the compression wave, will
thus occur along planes extending approximately radially from
the point of impact, and will occur first. The tension cracks
will tend to be in planes normal to the radial direction and
will occur later in time. Particles can break free due to the
coalescing of radial cracks or the creation cf a tension crack.

Radial cracking will cause a displacement of material perpen-
dicular to the polar radius vector centered at the point of
impact. This displacement will tend to be cumulative and will
be greatest near the surface. The compression and tension waves
may displace material either outward or inward toward the impact




point. However, if a particle breaks free due to a tension crack
it will spring back toward the impact poi t. If a particle breaks
free due to coalescing of radial cracks it will have a velocity
component directed outward and toward the surface. The magni-
tude of the particle velocity can be expected to increase with
increasing energy density. '

It is believed that near the surface of the crater, where hoop-
stress forces are not balanced, most of the particles are freed

as a result of radial cracking coalescing. 8Ogiervation of hyper-
velocity impacts in high speed photographs( does in fact

show large particles being "peeled" back from the advancing crater
rim, at least, in the last stages of cratering. On the other hand,
near the bottom of the crater symmetry considerations rule out

any very large unbalanced forces except along the hemispherical
radius. Hence, tension cracking is probably a major cause at

the bottom. Other parts of the crater could be expected to ex-
hibit some of both types of cracking.

As the energy wave advances through the substrate it will carry
along with it the radial cracks and, if the energy density is
sufficiently high, it will nucleate new cracks. The energy den-
sity required to propagate existing cracks will be relatively
Small compared to that required to nucleate new cracks. It is

a fundamental assumption of this model that, for a given sub-
strate material, the energy density required to nucleate cracks
is fixed. Below a certain threshold value no new cracks are
started. The existing cracks will continue to be propagated for
a while, and, particularly near the rim, coalescing of cracks
will continue to free particles.

As a consequence of these considerations, the crater can be ex-
pected to deviate from a strictly hemispherical shape to some-
thing more shallow. That is, cratering is cut off at the bottom
by the nucleation threshold, buat contlnues for a while near the
rim as radial cracks coalesce. :

Cracking in vertical planes will be essentially hoop-stress crack-
ing. This will impart a "side-ways" velocity component to the
ejected particles; that is, they will tend to spiral out from

the crater. The net effect, however, will be to lower the angle
at which the particles are ejected. In order to simplify the
model these effects were compensated for by arbitrarily adjusting
the departure angles to fit observation and thereafter neglecting
these effects. :

The model is essentially two-dimensional. A polar coordinate

system is used with the origin at the point of impact. The energy
density function is assumed to be a function of the impacting

-8~



energy, the substrate material, and the polar radius only. The
limits of cratering are assumed to be an ellipse. Various
eccentricities were tried, but one giving a crater diameter to
depth ratio of 4 to 1 was settled on as being in reasonable
agreement with observation. Cratering is assumed to stop when
the energy density. at the rim reaches a fixed threshold value.



A . | ' SECTION IV
The Energy Decay Law

Energy is assumed to be propagated from the point of impact with
hemispherical symmetry. 1If a hemispherical surface is constructed
about the origin with radius R then a certain amount of energy
will propagate out through the surface as a result of the impact.
If this quantity is divided by the surface area of the hemisphere
a figure is obtained representing the flux density of the energy,
or the energy per unit area.

Let p(r) = energy flux density function

Consider a hemispherical shell in the substrate material of inner
radius r and thickness A r. (See Figure 4.1)

Figure 4.1

Such a shell will have a volume:

-
-

(4.1) Av=—23’l{(r+Ar)3-r3‘}

The total energy passing through the inside surface into the shell
is, by the definition of the function p(r):

(4.2) 27 r2-p(r)

-10-



The total energy passing out of the shell through the outer sur-
face is:

(4.3) 27(c + Ar)2: p(r + Ar)

Hence, the net energy per unit volume remaining with the processed
substrate material in the shell is: '

(4.4) 2nr2-p(r) - 21 (rA+vA r)? p(r + Ax)

We assume that the net energy per unit volume retained in the
processed material is directly proportional to the energy flux
density function, p(r). Let o be the constant of proportionality.
Then, equating this quantity to the expression (4.4) above and
using relation (4.1), we obtain:

2nr2'p(r)‘- 2m (x +VA r)2'p(: + Ar)
2/3 ﬂ{(r + A r)3- 'r3}

(4.5) = * p(r)

Expanding and rewriting, -we obtain:

2’p(r) - (r+ AI)Z’p(r+ Ar) =.np(r)jl/3{(r+ Ar)3jr3},

or

. A
2.p(r)-r2-p (r+br) 2= (2chr+Ar?) -p(r4fe) =ap(r)-{rlarscirs 57 },

or 2 ‘ 7 2 7 2 _Ar__..
-r°/p(r+Ar)-p (r) /= (2r Ac+Ar )'P(r+Ar)+n'p(r)wrr2Ar+rAr + T3 }»

Dividing through by Ar,

-r21rP(”‘Z‘)‘P(rl T = (2r+8r)-p(r+Ar) + arp(r) {r2+rAc + 73 }
- r J

Passing to the limit as Ar - 0, we obtain the differential equa-
tion of the energy function;

(4.6) -r® 4, = 2rp+a r2 P

-11-
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Rewriting, we get;

(4.7) 1 dp
P dr

]

—Z/I-Q

This can readily be integrated. If log R is the arbitrary con-
stant, then

log p = log 1/r2 4+ (-e&r) + log R,
or
log p = log l/r2 + log (e~ 0Tf) 4+ log R
or
log p = log (8/r2 e™2%)
or |
(4.8) p(r) = &/r? &%

This equation is the fundamental energy relation. A little further
analysis helps to clarify the role of the parameter R. Resorting
again to the definition of p(r), if we multiply p(r) by the sur-
face area of a hemisphere of radius r,

(4.9) p(r)-2mr?

We have the total energy péssing through the surface. Expanding
and simplifying the above, we obtain: '

(4.10) (2nR)e F

An upper bound on (4.10) is certainly given by the total energy
of the impacting particle. Hence, writing Ep for the projectile
enerqy . ’

(4.11) (2mR) e ® < Ep
Since (4.11) holds for all r,

| Ep
(4.12) B < oo

-12-



This would be an equality if the elastic model were valid for the
very center of the crater. Since it is not, it is more realistic
to write

(4.13) R = g; Ep

for some suitable v.

Experimental evidence indicates that the mass of ejected material
is approximately proportlonal to the energy of the projectile.
The relation:

(4.14)  Me = Ep/8 x 103

is suggested by Gault, et al.(B) If the density of the lunar sub-
strate is p, then the ejected volume is approximated by

(4.15) Ve = M./p = Ep/p x 8 x 108

The volume of one half an ellipsiod of eccentricity e

] - . . C
semi-axis R,y 18 given by:

and major

27 R3
(4.16) Ve =3 —end

Equating (4.15) and (4.16) gives a means of predicting the crater
radius, assuming elliptical boundaries:

: 3 _ 3ec Ep
(4.17) Rmax = 27 8x108p

Recalling that cratering is assumed to be-stopped by a threshold
value of the energy function, p(r), then, independent of the
nature of the impact

(4.18) P(Rpax) = C = constant

Hence, using relation (4.8) and assuming R to be known from (4.13)
~and Rpax to be known from (4.17), we may write:

-13-



R -0.R
(4.19) 5 e~ T fmax  _
R max

or

, -~-R
(4.20) e M TIMAX 2 c.R2 L/ A
o . .
(4.21) v = - log (C’Rzmax/ R) .

- Rpax

Hence, taken collectively, 4.8), 4.13), 4.17), and 4.21) define
the energy decay law inside the crater.

The energy pef unit volume left behind by the wave in the processed
ejecta is given by

a R
(4.22) Erem = n-p(r) = ——z-r e 0L

This remaining energy is assumed to be partitioned into thermal
energy, kinetic energy required to move the centers of gravity

of the particles, energy required to generate new surface (com-
minution energy) and various other possible energy sinks not used
by this model. Thus the increase in thermal energy per unit
volume at a point will be: ’

(4.23) Eth® a - p(r)

- The kinetic energy required to move centers of gravity will be:

(4.24) Ex* « ° p(r)

where E;y, + Eyp < 1.

~-14-



SECTION V
Cratering

In this section, the events that occur during cratering are
investigated and then described mathematically, During the"
cratering process, the substrate is shattered, material is
ejected, the ejecta lands, shatters and creates new craters. A
method is set up to calculate the size distribution of the frag-
ments ejected, their radial distribution about the crater, and
the effect of secondary cratering.

Figure 5.1

The region around a point of impact is addressed by means of
polar coordinates. The third (spherical) coordinate is ignored
except for volume calculations, making the model essentially
two dimensional. The outer boundary of the crater is chosen

to be an ellipsoid. After a little experimentation a depth to
diameter ratio of 1 to 4 was picked and all computations were
based on this. The crater radius is obtained from the postu-
lated input energy by using equation (4.17).

In the immediate vicinity of the impact point, the ejecta

material will be molten and probably even vaporized. This
material is forced out at extremely high pressures and velocities.

N - 15A—




It is likely that most of this material is lost to outer space.
In any event, it constitutes only a very small percentage of
the total mass of ejecta. It is assumed in this model that
this material is lost, i.e., does not play any further role

in the character of the lunar surface. However, in the pro-
gram mass is conserved.

To obtain the pboundary between molten and solid material, the
energy function is used to find the melting point. Thus, let
H be the energy required to raise one unit volume of substrate
to its melting point. Then, at the plastic-elastic interface;
using expression (4.23) '

(5.1) . H=Eu" o 'p(Rmir;) .

This equation serves to define Ry, the radius of the interface
of melting E¢p the thermal energy fraction had to be estimated.
Values ranging from 0.1 to 0.9 were tried along with various
values of E,, the kinetic energy fraction. Values of 0.5 for
Eth and 0.2 for Ex yielded a mean particle velocity of 2.95
km./sec. at the interface and these values were used for the
remainder of the computations; ¢ is the constant of proportion-
ality in equation (4.5) and p(r) is the energy flux density of
equation (4.2).

Size distributions of fragments within the crater are obtained

by using the comminution formula discussed in Section 1II,
equation 2.1, ' :

(5.2) Mly,z) = 1 - (1-y)® ,

where y is the ratio of fragment size to the largest possible
rock diameter, and z is directly proportional to the energy
density in the rock. ’

To apply this to the crater model, consider a spherical rock of
diameter D. If this rock is subjected by some means to a stress
resulting in a uniform energy density, then: :

(5.3) | M(x/D,z) = 1-(1-X/D)?

will be the cumulative fraction of material breaking into size x
or smaller. This will be on a per unit volume basis. If it

- 16 -



is assumed that the crack structure is random, then this size
distribution will be valid for any portion of the rock. Now
consider a thin hemispherical shell of radius r and volume dv
inside the crater, possibly cut off by the elliptic boundary.
The symmetry assumption gives a uniform stressing of this
rock. Hence, the amount of material in this shell breaking
into diameter x or less is;

(5.4) ds (x,r) = dv- {l-(l—x/Zf)z(r) 1’for X < 2r.

The exponent z(r) is simply k:p(r); k was evaluated experimentally
in the Allis-Chalmers laboratories by dropping steel balls of
known weight onto uniformly sized rock specimens. By comparing
the resulting fragmentation with the known input energies a

value of 107° was obtained for the cgs system of units.

Equation (5.4) serves to define the size distributions in all
parts of the crater. In actual computations the crater is divided’
up into a finite set of hemispherical shells. For each shell a
mean value of p(r) is computed and (5.4) is evaluated for fifty
values of x, ranging from 1077 cm. to 103 cm. The results are
stored in. a large table. '

The actual evaluation of (5.4) proved to be unexpectedly diffi-
cult. n practice, z(r) takes values ranging from 1 up to more
than_10¥. For very large values of the exponent and very small
(10™° or so) values of x/2r, computer programs for logs and
exponentials prove unreliable. An infinite series was pro-
grammed to handle cases where x/2r is very small and the
expression z(r)- (x/2r) is less than one. There remains a region
of interest for which neither method yields satisfacSSry results.
This has limited our crater studies to impacts of 10 ergs or

less.

The computer program for the crater model is presented in flow
chart form in Figure 5.2. It consists of a main program which
reads input data, sets up various fixed tables, computes a table
of the energy function, finds volumes of the hemispherical crater
shells, and computes the size distribution table already men-
tioned. Various output subprograms can be attached to the main
program. These will be discussed separately. As can be seen
from Figure 5.2 the program is set up to study impacts of var-
ious energies, keeping the other parameters fixed.

The first output subprogram of interest computes the overall
size distribution of ejecta from a single crater. This is done
by summing the values computed in equation (5.4) over the en-
tire volume. This is permissible since (5.4) is on a volume

- 17 -




MAIN CRATER PROGRAM

Read parameters

'

Compute Reference Tables of Size
Fractions and Set Up Angles of
' Departure for Ejecta

Read
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Projectile
Energy

Set Up Energy Function
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Partition the Crater

Compute
Shell
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1
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'Figure 5.2
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basis, i.e., is not normalized. The totals for each size x are

then divided by the total elastic crater volume. The results
are printed out and also punched into cards for later reference.

This program was run for a wide range of impact energigs and
gives plausible output for energies between 10° and 1040 ergs.
outside this range computational problems arise. The results
for the above mentioned energy range are shown in Figure 5.3.

Figure 5.3 is a plot of the cumulative fraction of material
finer than size x vs. fragment size x. These size distri-
butioB plots have been made for energies ranging from 10° ergs
to 1040 ergs. It should be noted that in the upper size ranges
the curves have a flatter appearance than in the smaller size
range where the curves steepen to uniform slope. The pinching
of the curves seen at points A and B is believed to be due to
computational difficulties mentioned above. At points A and B
is believed to be due to computational difficulties mentioned
above. At points A and B there are logic changes. At point C
the c?rves are wavy and are reminiscent of those obtained by
Gault (8)  et. al. Specifically they ?§? quite similar to the
shape of the eight curves in Figure 2 . Since the computed
curves of Figure 5.3 are similar to those shown by Gault and
since the model is a logical one it was felt that this was a
validation of our model of cratering. Both the experimental
curves of Gault and the computed curves of 5.3 are unlike the
classical size distribution curves found in normal comminution.

In order to obtain the radial distribution of ejecta about a
crater it is necessary to have an estimate of the vector
velocities of the ejected particles.

The problem of assigning a direction to departing particles is
complex and was treated only superficially in this project.
The problems of determining how a particle breaks free were
discussed in Section III. Once the particle is free the prob-
lem of collisions arises. We disposed of the latter problem
by ignoring it. That is, it is assumed that once a particle
is free, it has an unobstructed orbit to its final resting
place. ' '

Let a particle be freed at point P. (see Figure 5.4). Let V
be a unit vector in the direction of the particle's initial
motion. Let o be the angle of departure, i.e., the angle
between V and the horizon. We resolve V into radial and
tangential components R and T. We assume that R and T are
functions of the polar angle 6 only.

Let o be the angle between V and the tangent at P. Then-
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Figure 5.4

(5.5) 0= (1/2 - 0) + a
But ‘ o

. / R(4 )
(5.6) o = tan“-l( Tj(_e_}') .
Hence

/nID\\
. n!u!

(5.7) o = (m/2 - 6) - ta.n-l ( T(e)) .

R(68) and T () were approximated using linear  functions and the

considerations set forth in Section III. High speed photographs
of hypervelocity impacts gives the impression of a high concen-
tration of material leaving at 45° to 60°(8,9) | The particular
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functions picked
(5.8) R{6) = -406 + 2.5 and T(@) = -1.5 68 + 7

were selected to give this concentration. Figure 5.5 gives a
tabulation of (5.7) and (5.8) for 18 values of @. Degrees are
shown.

) ©
2.5 50.41
7.5 48.64

12.5 47.46
17.5 47.03
22.5 47.50
27.5 49.03
32.5 51.74
37.5 © 55.63
42.5 60.46
47.5 ~ 65.77
52.5 70.90
57.5 75.28
62.5 78.57
67.5 80.65
72.5 81.60
77.5 81.58
82.5 80.74
87.5 79.23

Polar Angle vs.
Angle of Departure

Figure 5.5

This table does not change from one crater to another. For
economy of computing it is set up in the initial part of the
main program.

Estimates of the magnitude of the particle velocities are ob-
tained from the energy laws. Recall from (4.24) that the
kinetic energy per unit volume is: Eyx- a * p(r).

Let Q(x r) = amount of material of diameter x or less
per unit volume at radius r.

Let {0 = X, <X)j<Xp< **°° <Xy = 2r]} be a partition of the possible
- rock diameters at radius r.
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Let A V be a small volume element at-radius r.

_Then,
(5.9) E.- o p(r)- AV = total kinetic energy available
in the volume element.
Aiso,

(5.10) {Q(xi,r)—Q(xi_l,r)} . AV = tetal amount of material

in the size (xj_.j to xj)
in the volume element
AV.

We assume that the available kinetic energy partitions itself
over particles of various diameters in some manner which is
dependent on the characteristic diameter x. Thus, for some

partition function, w(x), and some constant of proportionality

c(r), the total kinetic energy in the volume element A V devoted
to the size fraction (xj;_; to x;) will be;

A - A

(5.11)  Clr)-Bera p(r)-AV [Qxi,r) - Qlxi-1,7) |-w(Ri)

® ' | .
where the mean value theorem is used to obtain a suitable x;.

. i
If (5.11) is summed over the entire size range, we obtain an

expression for the total kinetic energy in the volume element
Av.

(5.12) C(r) Ex-a-p(r)-AV 2 w(x;) [0 (x5,7)-Q (x5 _1,7) ]

i=1

Passing to the limit as n - o and | xj-Xj-1] = 0,

we obtain for the total kinetic energy in AV ;
: 2r

{(5.13) Clr) E.y-a° p(r)-AV |w(x) ——i—L—l ax
‘o

Equating (5.9) to (5.13) and simplifying, we obtain:
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2r
(5.14) 1 =c(r) |w(x) QQéE;EL dax

or, solving for the constant of proportionality,

2r
| 1
(5.15) c(r) = [kL w (x) aogx;e) : ]

Returning to (5.11), if w(x) is identically 1, then equal volumes
of material will get equal amounts of energy regardless of the
size of particles they contain. That is, energy is partitioned
by the volume of the particles. If w{x) = 1/x the partition

is on surface area, and if w(x) = 1/x°, the partition is on
characteristic diameter.

With some choice made for w(x), equation. (5.15) defines the
constant, C(r).

Let the size range be partltloned as before and suppose the rock
has density p. Then, using (5.10),

(5.16) p {Q(xl,r) - Q(x3-1-T) } AV = total mass of material in

size range (xj-1 to xj) in a small volume
element A V.

A
Suppose that these particles have a mean speed of v(x;,r). Then,
the kinetic energy of this material may be written;

' 2
(5.17) k5 p {o(xi,r) - Qx3-1,7) } A Vv (xy,r)
If (5.17) is equated to (5.11), then after simplification we

obtain:

A ' LA
(5.18)  C(r)*Byr @ * p(r) w(x2) =% P-v? (x;,r)

Passing to the limit on the x- partition as before and SOlVlng
for the speed we obtaln-
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(5.19) vix,r) =”\[‘% . C(r)'Ek-o(-p“(r)-w(x)

With velocity direction known from (5.7) and magnitude known
from (5.19), the trajectory of a_particle can be computed.
Let R = lunar radius = 1.74 x 10° cm

Let g = lunar gravitational acceleration = 1.62 x lozcm/sec2

Then the circumferential distance D from the point of departure
to the point of secondary impact is given by:

2
_V___(izﬂsmocosw
2
v xr

1

(5.20) D =2R tan”

Equation (5.20) serves to define the distance from point of de-
parture to point of secondary impact. Correcting for the dis-
placement of a particle within the crater before it is ejected,
the total distance from the point of primary impact to the point
fo secondary impact is given by:

(5.21) D=D+r cos @

The expression for D in (5.20) is mathematically sound, but
computatlonally intractable for small values of D. Fortunately,
the power series for arc tangent is rapidly convergent for

smal}l D, i.e., small v(x,r). Thus for & < 10‘5, we replace
tan™* (3) With & itself.

The flow chart of the radial distribution output routine is shown
in Figure 5.6. The region around the crater is divided up into
35 ring-like regions. The first 30 are proportional to the
crater radius, the last five are fixed at 1 km, 10 km, 100 km,
1000 km and 1740 » km, the last figure being the lunar semi-
circumference. For each of these rings there is a burden table
with entries for the amount in each size fraction.

The pogram initially sets these burden entries to zero, computes
the ring radii, and computes the constant of proportionality,
C(r), (see 5.15), for each hemlsPherlcal shell. Then, integrating
over the entire crater, for each size fraction at each location,
the trajectory, hence landing point is computed. Then the volume
of material in that size fraction is added to the current entry

in the burden table. When the table is complete it is printed
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RADIAL DISTRIBUTION OUTPUT SUBPROGRAM

S

Tnitialize the Radial Burden
table to zero.

Set up table of annular rings

around the crater vicinity.

!

Compute a table of the propor-
tionality constant, c(r).

A

For each increment of the polar radius,
For each increment of the polar angle,

For each size fraction of the ejecta,
l. Compute the trajectory.
2. Find the annular ring
in which the material
would fall.
3. Add the volume to the
Radial Burden Table.

Exit when finished.

Print out the
Radial Burden
Table.

Figure 5.6

- 26 -




out, along with volume totals for each ring and estimated depths,
based on ‘a packing density of 50 percent solids, 50 percent voids.

The program was run for impact energies from 105 to 1020 ergs
with some experimentation with the parameters. The partition
function, w(x), was set equal to 1 (partition on volumes) and

to 1/x (partition on surface area). The surface area partition
seemed more plausible, and all later computations were performed
with that function. ‘

The output for four typical impacts, 1012, 1014, 1016, and 1018
ergs is reproduced in Appendix A. There is a column for each
ring. In every case ring No. 1 is the crater itself. For
reference, the left hand column on each page tabulates the
characteristic diameters, in c¢cm. The values shown in the table
are volumes of material in cm3.

The results show that smaller craters are simply scoured out,

all of the ejecta falling at least 130 crater radii away from
tthPOint of impact. The fines travel large distances. 1In a

10 erg shot, for example, the crater radius is 1.6515 cm. and
4.88 percent of the ejecta travels more than 10 km. All of this
material is finer than 4 x 10°% cm. 1In the larger craters
material in the largest size fractions begins to appear close

in, and in the largest craters, there would be blocks of material
inside the . crater.

our study indicates that craters cannot be scaled. Small craters
will have a clean profile. Around and inside the large craters
there will be large blocks of material. Of course, in time the
large blocks will become eroded. ‘ :

Computation of the number of particles ejected at the various
energy levels is made by another “OUTPUT" subprogram similar to
the one just described for radial distributions. In this case,
the angle of departure plays no role, only the kinetic energy
of each particle is needed. Hence, it is unnecessary to sum
the calculations numerically over the polar angle.

From equation (5.18), the kinetic energy per unit volume of
material of diameter X is: :

(5.22) C(r) Ex-a-p(r) w(x;)

A3 ’
Hence, for one such particle, having a volume x; , the ejected
particle will have an energy of: '
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_ : A _
A(5.23) Es(xi,r) = C(r)‘Ek°a °p(r)~w(xi)-xi3

The number of such particles in the hemispherical shell of
radius r will be

A
(5.24) NS (x;,r) = {Q(Xi,r) ~Q(xj-31,r) } Vg (]:‘)/)/\éj_:3

where Vg(r) is the total volume of the hemispherical shell at
radius r . If (5.24) is summed over the entire crater for those
particles for which (5.23) yield approximately the same energy
level, the result is a count of the number of particles ejected
at that energy level.

Computatlonally a table 1s 3et up for energy classes of 1 erg,
10 ergs, 10" ergs, --- , ergs. For each hemispherical -
shell and each size class, (5.23) and (5.24) are evaluated.
(5.23) is used to add the figure given in (5.24) to the appro-
priate table entry. The result is a table giving the number
of secondary particles in each energy class arising from one
primary impact of energy Ep.
This table is printed out and also punched into cards for later
-use in studying secongary cr38er1ng. The program was run for’
primary impacts of 10 to 10 ergs. As was pointed out earlier,
computational difficulties arise outside the range.

The results of this computation are shown graphically in
Figure 5.7.

To obtain information on secondary cratering, the results shown
in Figure 5.7 were extrapolated to form a 24 by 24 matrix

A = (a;4) where a;_ = number of particles of energy class i
resultlng from an 1mpact of energy class j, where energy class i
is nominally 101-1l ergs.

Let V = ) be a 24 element vector where v . is the number
of prlmary 1%pacts of energy class j per unit %1me. Then,
4 ,

i~ N

3=l

is the total number of secondary particles of class i per unit
time. Rewriting in vector-matrix notation,

(5.26) Vy = AV,
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gives the total secondary infall rate. 'Combining primary and
secondary infall gives '

(5.27) Vo + VI = AV, + Vg

Tertiary infall will be given by:

, .
(5.28) vy =AVy =A° v,

Extending this, it is clear that the total infall per unit time
will be: )

_ a2 |
(5.29) V =V, +AV, +A°V + AV + -———-

Conservation of energy dictates that the matrix A will be nil-
potent. Hence (5.29) cannot have more than 24 terms and there is
no question of convergence. To solve for Vo,

2

(5.30) V= (I+A+2a%+ a3 4 - ) v
But
-1 2 3
(5.31) (I-A) 7" = (I + A + A + A° + ---)
Hence
-1
(5.32) V_ = (I-A) Vg

(I-2) is a trlangular matrix of determinant = 1. Hence (I-A)~
exists. '

A small program was written to read in the matrix A from cards
punched by the previously discussed program, compute (I-A)~
read in a vector V, for primary infall, compute V_ and pr tni
it out. This was gone far two sources of primary “infal1f 1)
Primary particle velocities were assigned a nominal velocity
of 20 km/sec. to obtain these rates.




The result in both cases was that g . That is, primary
infall constitutes at least (1-10" of the total 1nfall As a
consequence of this, the only infall con51dered after this is
the primary infall.

The process of secondary comminution was considered. By the
term secondary comminution is meant the breakup of rocks upon
landing. The primary event is the comminution that takes place
in the primary crater. From this crater rock fragments are

. thrown out at various speeds and land on the lunar surface.
Upon landing these rocks may break up into smaller particles.

It has been shown by Karpinski(3), et. al., that solid particles
impacting on a sQ }d surface break up according to the equation
derived by Meloy . The parameter is directly proportional
to the kinetic energy of the partlcle. furthermore, it has

been estimated by Meloy and Bergstrom that z varies as the
one-fourth power of the size of the particle for a given energy
density. Thus, to compute the amount of comminution that occurs
for a particle one need only know its kinetic energy and 1ts
size to compute the amount of break up.

In the cratering model the size distribution and velocity dis-
tribution of particles is computed such that the degree of
secondary comminution could readily be computed. However, the
hardness of the lunar surface varies with time and .an adjust-
ment must continually be made. Since preliminary estimates
indicated that the effect of the secondary comminution would

be small this process was not incorporated in the final program
because the amount of computation needed would increase the
program running time due to the changing thickness of the lunar
dust layer. The effect of this assumption was to increase the
roughness estimate of the lunar surface in the larger particle
sizes. :

In the cratering model there is an inherent contradiction that
our cratering scaling law has turned up. If one assumes the
comminution stops at a given energy level and that the amount

of ejecta from a crater is directly proportional to the energy
of the impacting body then one is faced with the following para-
dox. There is a lower size limit beyond which the energy density
at the edge of the crater will not be sufficient to comminute

material. In other words, at a radius less than that of the
crater size predicted by energy-scaling-law comminution will

cted by ener gy—scalin inution
stop because the energy in the compressive wave is less than

that required to break the material. This paradox occurs be-
cause the energy in the wave falls off as the square of the
radius while the ejecta is proportional to the cube of the radius.
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We have no explanation for this paradox. It seems physically
sound to assume comminution stops when the energy density in
the compressive elastic wave reaches a given value. This is
true experimentally and has a sound theoretical basis. The
crater-size-law has been established over a wide variety of
sizes empirically. This is one area which bears further in-
vestigation.

Oour study also shows the pattern of ejecta distribution around
craters cannot be scaled. Small craters will be swept clean
and the ejecta will land many diameters away. Large craters
will have much of the larger fragments on or near the crater
rim. This means the landing near the edge of a relatively
young large crater would be more dangerous. In older craters
the debris would be eroded away and would not be as rough.
Landing near small craters, new or old, would not be dangerous
for the material would be thrown too far to appreciably in-

crease the surface roughness.



SECTION VI
The Roughness Estimate

This section describes a computation, based upon the preceding
hard rock crater work, designed to estimate the depth and compo-
sition of the lunar dust layer. It is assumed throughout this
computation that a given current infall estimate is valid
throughout the entire lunar lifetime and that impacting is the
only mechanism affecting the lunar surface. The method to be
described could be altered to handle variable infall rates if
they were slow, long term changes. It would also be possible
to include vulcanism if estimates of the degree of volcanic
activity were avallable. Tectonic action must be ignored for
the present.

The method is based upon a matrix whose elements are the tran-
sitional probabilities that lunar material in one classification
at time will end up in some other classification at the end of
some time interval A t. By multiplying a vector giving the
amount of material in each class at time t by this matrix, the
resulting vector is the amount of material in each class at time
t + At. If the conditions affecting the transitional prob-
abilities do not change, a computational advantage may be gained
by raising the matrix to a power, enabling the computer to take
many time increments in a single step.

.«e...g.u. -, PR TS Ry Sret q
Q ‘ .'.... ‘z“ ’. ,% % .‘”“& ,_'_‘..‘.'.\y‘s‘.. !
.’&n-.‘ S Qe» :. "&Q [ 4 g’.‘ WLD < .'-1?‘:‘10‘. ts ; d .
2
} &
 dg
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Figure 6.1
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The lunar surface is divided into four layers. The first is

the layer of dust and debris on the surface. Let it have a
depth = d;. The hard rock substrate is divided at three depths,
d2, d3, and d4. (See Figure 6.1). Within the dust layer the
material is broken down into 17 size classes; 1072 cm, V10x10~2
cm, 10~4 CM, ... , 103 cm. Material can enter any of these size
classes from any larger size classes or the substrate layers.
Material can leave a class to any smaller class.

Consider one square meter of lunar surface. Let Vg j =1,2
be the amount of material in each of the classes. iet ajj be
the transitional probability of material leaving class j and
entering class i per unit time. Then at the end of one time
unit there will be: ‘

20

(6.1) Vi3 = ) aij Voy
=1

cm3 of material in class.

It remains only to calculate the matrix (alJ)

We start with the rubble in the top layer. Let this layer have
depth 4 Consider a particle of diameter xj. Let X; /d1 be the
probabiiity that this particle is at the top of the layer so

that it has an exposed surface. (We realize that for thin layers
this quantity could be greater than 1, but in such a case the
patticle will be exposing much more than_a single face greatly
increasing its rate of erosion). Let Xj 2 pe the exposed sur face
area. Then if an impact takes place inside the given square
meter, the probability that the given particle isstruck will be:

2
(6.2 X4 Xz
) =3 - —JZ , assuming X, and d; in cm.
dy 10 J : :

For convenience and because of difficulties with the crater pro-
gram, all 1mpacts are assumed to take Blace at one of the 16
discreet energies: 10°, 10°, ... , ergs. Let ny, =1, 10
be the number of impaeea of energy class 1 per square meter per -
unit time. Then, the number of impacts of energy class B per
unit time which a given Xy particle will undergo will be:

) 3
. X3
O e Ty
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Suppose there are Vg cm3 of material of 51xe X4 in the layer.
Then the number of such particles is Vv, /x &ultiplying the
particle counts by the probability that eagh is struck by a
class P projectile, the expected number of craters is:

(6.4) Py ng

V _— ——————
xgs 93 g;-10t

Let VCy be the volume of ejecta from a crater of energy class @.

Let DM(xji,f) be the relative amount of material breaking into .
size class xj from an impact of energy class @. Then, if a
class @ 1mpact occurs, it will generate:

(6.5) V(i-DM(xi,Q) cm3 of new material in size class xj.

Combining (6}5) with (6.4), we get the expected amount of material
breaking out of size j and into size i - due to impacts of
class @: '

L
dl.lo4

(6.6) vCy DM (xi,[f)- Voy

We make the assumption at this point that particles are eroded
only by involvement in craters smaller than the particle itself.
Of course this is not true, but, except in the finest sizes,

the probablllty of a particle belnanvolved in a crater larger
than it is much less than the probability of its being eroded by
smaller craters. This assumption makes the hard rock crater
model applicable. The magnitude of the error due to this
assumption is small for all but the smallest size ranges. 1In
any event, it will cause an apparently rougher size distribution
than actually exists. .

On this basis, we sum expression (6.6) over those energy classes
for which the assumption above holds obtaining:

Na 7 .
l ] Vo3 = %i37Vos

.7) § [vql,nm(xl,g) Tot.ar

1
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a;5 1is the sought-after transitional probability for material
in"size j breaking into size 1i.

Relation (6.7) makes sense only for rocks in the upper layer.
Some account must be made of the material breaking out of the
substrate layers. The upper layers will tend to protect the
lower layers. (See Figure 6.2). Only an impact larger than
a certain threshold value will have sufficient energy to pene-
trate the protective dust.layers. 1If such an impact does take

. —R Séieanas
"\ '< h e GO X SL K
I3 ‘n N .
\&‘.:‘ R IR YN ¥y -

Figure 6.2

place, the volume of material knocked out will be that part of
the crater which is not deeper than the depth of the bottom of
the layer, diminished by the volume already accounted for in
preceding layers. Let

(6.8) VCq (k) = volume of material involved from substrate
) % layer k in a crater of class g, assumlng
that layer Xk is hit.

§

Suppose, as betore, .that there are nyp impac r
square meter of energy class‘j Then, these impac
process: : :
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(6.9) ny * VG, (k) x = 2,3,4

cm3 of material from the X layer. The uneroded volume of
the Xk layer will be: '

(6.10) 104+ (dy-dy 1) ' X = 2,3,4

Hence, the fraction of k-layer material that is involved in
class @ impacts is: .

(6.11)  ny -vcy (k)
10% (ak-gy _;)

In time, the k-layer will become eroded. NeVertheless, we
assume that (6.1l1l) is still the probability that one cm” of
k-layer material will be struck by an f-impact.

If some k-layer material is impacted at class £, then the frac-
tion of the material breaking into size x; will be DM(xj,f) as
before. (See 6.5). Then, summing over the energy classes large
enough to strike the k-layer, we obtain:

- yCp () |
(6.12) bjx = ) DM(xi,g) 1%%75;%5———7 .k -2,3,4

k1

which is the transitional probability of material in layer k
entering size class Xxj.
) can be

The diagonal

Combining (6. 12) and (6.7), a squaré matrix A = (a;
constructed giving all the required probabllltles
elements are just:

i

©j-1

(6.13) ajy =1- y ajq j=1, 2 —=—= 20
iF1

The computation is as follows:



If Vg = (v.:) is the amount of material in each class at time
en

o)
t, t th8Jlamounts after time At will be:

(6.14)  Vy =A Vo = () aj3y voy)
After n time- intervals, the amounts will be:

assuming A is independent of time. Since A is dependent on the
depth of the last layer d, (6.15) cannot be used with impunity
unless A is periodically recalculated. '

When this was programmed, we had very little idea of what to ex-
pect in the behavior of A with time. As a result, a program was
written which permitted inspection of the dust layer depth while
the problem was on the computer. By manipulating switches it

was possible to recompute A at any point, or square the current
matrix being used, or simply let the program keep iterating on
equation (6.15).

The program was run using Hawkins(l) infall data, a nominal

projectile velocity of 20 km/sec., and a basic time increment

of 1000 years. The initial vector of material assumed a bare
surface, no broken material, the substrate layers being assumed
full. The program sets transitional probabilities to zero if the
layer has zero thickness.

After 1 iteration therewere 1.058 cms of dust. The matrix was
then recomputed. This time, at the end of the second iteration
we had 1.078 cms of dust. This matrix was kept for a while.
Generally speaking, we tried to compute a new matrix before

the dust layer grew to more than 125 percent of the depth at
which the first matrix was computed. -

The depth grew rapidly at first, slowing its growth with time

as may be seen in Figure 6.3. At first the matrix had to be
recomputed every 10-15 iterations. Later it was possible to

take advantage of matrix powers and move in larger time steps.
Toward the end of the calculation, we were using the 8192th power
of the matrix.

Because the matrix was recomputed periodically due to increasing

dust layer thickness there is a scatter in the data. Two cal-
culations made for the same .length of time, one using a matrix
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based on dust layer depth of 1.0M andanother on a dust layer
depth of 1.25 M will yield different answers for mass of material
in each size range. These variations are minor but when one

is used to smooth curves from computatlonal data these variations
at first appear as errors.

Figure 6.4 is a log-log plot of the data that appears in

Figure 6.3. - The middle curve, labeled Hawkins' data, is a plot
of the depth of the lunar dust layer vs. time using E?e latest
available meteoric infall data specified by Hawkins( . The
one-fifth Hawkins data and five Hawkins data are, respectively,
in depths of lunar dust based on one-fifth Hawkins infall data
and five times his dat?1 Our estimate of three meters deep is
different from Orrok's ) estimate of 0.12 to 0.7 meter depth.
However, using one-fifth Hawkins data brings the depth down to
one meter thickness. We believe this variation is due primarily
to differences in the infall rate and to a lesser extent on a
computational method.

Our method, using transitional matrices, which are re-evaluated
for increasing dust depths, giving a running account of the
status of not only the dust but the substrate and the size dis-
tribution of material. Consequently, a ten meter block created
~in one period is kept track of until it erodes away to nothing
throughout the rest of the history of the lunar surface. This
dynamic bookkeeping approach for the accounting of every block
formed should give the reasonably close approximation of the
lunar surface if the infall data and crater behavior mechanics
are correct.

Figure 6.5 is a plot of the cumulative mass fraction of material
finer than size x vs. size x. This plot shows that 80 per-
cent of the material is less than 180 microns, 50 percent of

the material is less than 40 microns and 10 percent of the
material is smaller than 1.6 microns; 99.9 percent of the
material is smaller than 1 millimeter. This means that the
surface of the moon is covered with a fine powder. 1If it is
assumed that the powder packs to 40 percent solids then the :
depth of the layer would be approximately 25 feet. All estimates
of depth appearing in Figures 6.4 and 6.5 and in the computation
are depths in terms of solid rock. Thus, one divides the depth
of the solid rock by the density of the powder to obtain the
depth of the dust layer. :

The actual size distribution or fineness of the powder does not
change appreciably with time. Figure 6.6 is a plot of the frac-
tion of mass finer than the indicated size vs. time in years.
Looking now at the 0.00l1 centimeter curve, one can see that the
percent of material finer than this falls from abou 37 percent
down to about 31 percent and stays constant for the rest of the
lunar history. The other curves are similar. Thus, the fineness
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of the powder. is not affected by the age assumed for the feature
or the meteoric bombardment rate. The depth on the other hand
is sensitive to both the infall rate and the age.

"The probabkility of being bothered by or seeidg large blocks of

material is relw:-ively low. At the end of a billion years there
are 3.2 times 10”8 ten meter blocks per sguare kilometer. In the
one meter block size range there is one per square kilometer. In
the one foot size range (32 centimeters}, there are 40 sguire
kilometers. These blocks would be badly eroded and would avjzeasr &S
gentle mounds. It shoull be pointed out that the blocks will rot
stand straight up and cast sharp shadows. There will be a process
whereby dust particles drift over the block blurring its outline.
Therefore, any block should be looked for as an unexplained mound.
At the resolution of the Ranger shots it is very unlikely that any
material in it will be due to solid rock chunks. There are a
nuser of particles in the 3 and 1 centimeter size range. How=
ever, these constitute a very small fraction of the surface.
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SECTION VIIX
Discussion

The work in this study falls into three parts: energy decay
law, cratering and the lunar surface roughness. 1In each
part the analysis was done and then the results were pro-
grammed. The individual programs were assembled into an
overall program which could compute the lunar surface rough-

- ness, given the initial surface roughness, the infall curve and

the size distribution data from the crater studies. The over-
all program was run once. It was assumed that the }Eitial
surface was composed of solid rock and that Hawkins infall
data was the best estimate of the meteoric bombardment rate.
The results of this single run are the data presented.
Hawklns; ) infall data was used because it was the best avail-
able (13’ The authors are not experts on infall and thus they
felt that it would be best to accept the data of experts in
the field. Furthermore, the program was written so that at
object time the infall data is fed to the program. Thus, a
wide variety of infall curvesmay be used by running the program
for each infall curve.

Energy Decay

The energy decay law is central to this analysis. To predict
the size distribution of the ejecta in a crater the strength

of the energy wave must be known as a function of position in
the crater. 1In classical comminution, the amount of shattering
has been found, theoretically and experimentally, to be directly
proportional to the energy stored in the crystal lattice just.
before fragmentation. As the energy wave moves out from the

_center of impact, the strength of the wave is attenuated by

the increasing area that it passes through as well as by the
work that it does in comminuting the material that it passes
through. Thus a fraction of the energy of the wave as it
passes through a volume of material is left behind as new sur-
face area, kinetic energy and thermal energy. The law that was
finally used said in essence that the amount of energy left in
the incremental volume was directly proportional to the energy

in the wave. Prior to accepting the law a number of empirical
laws were tried and found unsatisfactory.

The law as now derived assumes that the material is homogeneous

or contains homogeneous heterogeneities. By the latter is
meant that cracks or grains are sufficiently numerous ‘and evenly
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distributed that the rock may be treated as a homogeneous sub-
stance. For larger craters one would have to assume that the
material contained major cracks which were not randomly dis-
tributed. :

When medium size meteorites collide with the dust layer there
is a discontinutiy at the interface between the dust layer and
the underlying rock. This shows up in different material
strength, density and propagation characteristics. This prob-
lem was not considered in our analysis. ' :

Once a reasonable energy decay law was established, the analysis
of the cratering process began. Craters historically, whether
they be chemical or meteoric, have a diameter to depth ratio of
four to one. No simple explanation of this ratio was found.

The ratio was accepted fact. :

Cratering

Having assumed the shape and derived an energy decay law, it

was possible then to compute the size distribution of the ejecta
fragments from the crater. This was done in a straightforward
manner as .described in Section V.

The shape of the size distr{gytion of the ejecta fragments is
similar to those that Gault found experimentally. It was
assumed in the analysis that the kinetic energy of each fragment
was found to be directly proportional to the crater fragment
interface area and the strength of the energy wave. In other
words, the kinetic energy of a fragment was proportional to its
area as well as strength of the energy wave. This assumption is
sound theoretically and yields a velocity profile which is real-
istic for the fragments.

To compute the radial distribution of the ejecta around the
crater, one has to know both the velocity and the angle of de-
parture. The model assumed is based on empirical observations
and yields relatively good ejecta patterns. It is, nevertheless,
an assumption which is not based on a physical model. More work
must be done in this area. '

In the early stages of cratering the intensity of the shock is
sufficient to melt material and jet it out at very high speeds.
There is no satisfactory model to predict how much of the energy
in the compressive wave is lost in this process. For want of a
better figure, it was assumed that 50 percent of the energy was
lost. It is hoped that this problem will be solved soon. It was
also assumed that the amount of material gained or lost by the
moon was zero. It is a very simple matter to change the program
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to take into account accretion or loss of material from the
surface due to high speed jetting.

The analysis shows secondary and tertiary cratering of solid
fragments contain very little energy and hence the effect of

of the ejecta on roughening the lunar surface is negligible.

In other words, the only real crater creation comes from meteoric
bombardment. It should be remembered that the study considered
only the solid fragments ejected and did not consider the liquid
fragments jetted in the early stage of the cratering process.

The crater scaling law that states that the mass of the ejecta

is directly proportional to the energy of the incoming body,

was assumed. This assumption, along with an energy decay law,
leads to a paradox. The paradox says that there is a lower

limit in the size of crater that can be formed. (See Section VI.)
There is a way out of the paradox and that is to assume that the
energy decay law is essecntially the scaling law. This means

that: :

(7.1) - Me = Krlent

In this equation, Me is the mass of the ejecta, r the radius of
the crater and ¢ the partition of energy in the decay wave into
the substrate. This postulated scaling law indicates that the
energy required to form the larger craters goes up faster than
the ejecta mass. Since this is not true experimentally it means
that for larger craters ¢ is smaller. This in turn may mean that
in larger craters the presence of cracks or other inhomogeneities
cause a to behave differently. The implications of the scaling
law were only thought of after the study was completed.

If the larger ejecta fragments were to land on the hard surface
one would expect them to comminute further. This process was
considered and omitted because it would have added to the com-
plexity of the computation and appears to have a relatively small
effect on the size distribution of the fragments. ’

Computing difficulties were encountered with the Fortran routine.
These routines were not set up to handle the comminution equation.
In computing the expression 1l-(l-¢) difficulty was encountered
when ¢ was small and allarge. This seemingly trivial problem
prevented the computation of the size distribution _of ejecta from

craters formed by explos1ons with energies over 10 0 ergs. A
power series evaluation gives only temporary relief. For a more
accurate crater model, further work must be done in flndlng wasy
to compute this 51mple eXpres51on.
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The study shows that the distribution pattern around small
craters varies significantly from that around large craters.

For large craters there is a significant amount of material near
their rims. This means that it would be hazardous to land near
such a crater. For small craters the ejecta is thrown many
diameters away. Therefore a fresh, small crater would appear

to be perfectly formed with no ejecta near its rim. This re-
sult may explain why a number of almost perfectly formed small
craters appear in both telescope and Ranger VII pictures.

Lunar Surface Roughness

In Section VI the logic for describing the method of computing
the depth and size distribution of the lunar surface is described
in detail. Basically, the method is to sum over all the in-
dividual cratering events., At object time, the infall data is
read in. Energies in each size range is computed. The size
distribution of ejecta from craters at each energy level is com-
puted. A roughness is then computed by a transitional matrix.
The depth of the debris or dust layer is computed and printed
out. Then, if the depth of the dust layer is 25 percent greater
than at the last recomputation a new transitional matrix is
computed. In computing the new transitional matrix it is assumed
that a meteor which cannot dig a crater deep enough to penetrate
the dust layer cannot comminute the substrate. If the meteor

has enough energy to penetrate the dust layer it will comminute
the substrate. 1In the transitional matrix, comminuted material
in each substrate is tabulated so that the percent of each sub-
strate comminuted is known. Therefore, as the dust layer gets
deeper the amount of new material thrown up is decreased.

For a larger crater which penetrates the dust layer, the volume

.of new material comminuted and thrown out as ejecta is the frac-

tion of the crater's volume that lies below the dust layer (see
Figure 6.2). The matrix process yields an accurate method of
accounting for all layers of the lunar surface, including its
substrate. Erosion is automatically computed in the transitional
matrix because the exposed particles are considered to be bom-
barded by the finer particles. 1In a way this computational

method obscures the role of erosion, but it makes the computation
possible in a reasonable length of time. Thus, to test the effect
of erosion on the roughness it is necessary to change the shape

of the infall data. ~

Our estimate of the depth of the dust or rubble layer are higher
than other people's for several reasons. First, we used Hawkins'
data which is of greater magnitude than that used by Orrok. If



we cut Hawkins'(l) infall rate arbitrarily by one-fifth, then

we get a one meter depth which is closer to Orrok's 70 centi-
meter upper limit. In our program we considered that the debris
from the very large meteors was uniformly distributed over the
surface. 1In later stages of the moon's history virtually all
new m?issial going into the dust layer is from the large craters.
Orrok cut off size distribution of the larger meteors and
computed equilibrium depth. Cutting off the large meteors

has two effects. First, after a dust layer of a given thickness
is reached, only the very large craters penetrate the dust layer
and dig out new material to increase its thickness. Second,
most of the debris from the larger craters falls near their rims
and does not contribute to the general thickness of the dust
layer. Thus, we strongly urge that the program be run with a
cut off size for the larger meteors. It is believif that by
using orrok's (12) infall data, rather than Hawkins ), we will.
have a thickness closer to Orrok's.

Another reason for differing with other estimates of the depth
of the dust layer is the so-called comminution 1law. Those used
by Gault, Orrok and others is, though widely used, empirical.
For exponents less than one it implies that the surface area
created is infinite. Thus, it is physically unsound. In this
study a more sophisticated comminution law was derived specifi-
cally for cratering which fits the experimental data reasonably
well and yields finite surface area. The size distribution or
fineness of the dust layer is not appreciably changed with time.
It started off at 37 percent below 40 microns and dropped to

31 percent after a billion years. This indicates a slight
roughening of the dust layer which is due, undoubtedly, to the
burying of the larger particles. When the particles are buried
they are not eroded. It was assumed that the dust layer was

not comminuted by the larger particles because no valid model
for determining the amount of comminution that would take place
was available. The effect of this assumption is rather small

in the larger size ranges because there are so few large particles.
The shape of the size distribution curve of the dust layer is
independent of time and the intensity of infall. It may, how-
ever, be sensitive to the shape of the infall curve. Thus, if
less cometary material relative to the stones and irons is
assumed for the infall curve, then a rougher surface may accrue
due to the slower erosional rate. It should be pointed out that
the erosional rate of the particles is directly incorporated into
the matrix method. :

It was assumed that all material hit the lunar surface at 20
kilometers a second. A suggested change in the program would
read in the velocity profile of the incoming particle as a func-
tion of particle size. This would enhance the programs flexi-
bility and accuracy. The change is relatively small both in the
work to be done and the increase in computational time.
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The program was run with only one infall size distribution and
for one initial boundary condition. However, with the present
program it is possible to compute the size distribution or
roughness near a larger crater when it is formed and how this
roughness varies with time. The size distribution and depth of
the dust layers in regions free from large craters can also

be computed. ,

Since the shape and intensity of the infall curve is object
time input to the program, it is easy to compute the size dis-
tribution and depth of the dust layer as a function of a wide
variety of infall curves. It is recommended that this work be
done because it would take relatively little time and much
information would be gained.

The program, as now written, cannot be used by others or on
other computers. Information is printed out "on line" and on
tapes. This is controlled by the machine operator. Furthermore,
the operator decides when the transitional matrix should be re-
computed by reading the "on line" data. This was done because
the autbors did not know what to expect from the program, and
object time control gave great flexibility. This may be seen

in Figure 7.1. Since writing and running the program, criteria
for decision has been arrived at which can readily be included
in the program. The basic language of the program is Fortran II
with freely adjoined pseuds SAP instruction as binary patches.
It is suggested that the program be revised so that it may be -
compiled on the average scientific computer and run without
operator intervention. In this way, the program could be used
as- a research tool by JPL and others.
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SECTION VIII
Recommendations-for Further Work

The purpose of this study was to make an estimate of the rough-
ness of the lunar surface based on the size distribution of
material in the dust layer covering the moon. To finish the
program in the allotted time certain problems were treated

less thoroughly than was desired. Furthermore the roughness
estimate did not consider roughness due to the pocking of the
lunar surface with craters. These craters blasted out by the
infall are softened or blurred with time. It is recommended
that for future work (1) the program used to compute the
roughness be strengthened technically and run for a variety of
infalls, and (2) an estimate be made of the roughness due to
craters.

More specifically, the program used to compute the roughness

of the lunar surface contains certain mathematical models which
we feel require further development for a more sophisticated
model. Furthermore the program, while it may be run by us on
our machine, cannot be run on other machines. Also, in util-
izing tQi program we used only the latest published data of
Hawkins (1) to make our roughness estimate. '

I. We propose, therefore, the following additional work:

(a) This work would include studying the departure
angles of the debris as they leave the crater;
the velocity profile of the infalling meteorites,
and such things as the partition of energy in
the compressive wave between heat, vibration and
kinetic energy of the fragments. It would also
attempt to resolve the paradox of the scaling
laws. '

(b) The program be revised so that it could be com-

piled on any computer and run at any installation.
The current program has considerable "on line"
decision making requirements associated with it.
By revision it could be used as a research tool by
JPL and others. ‘

- (c) The program be run with a variety of infall data
as well as variation in other input parameters.

It is known that the shape of the infall data
is significant in the creation and erosion.of
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blocks. Since we were able to run the program
only once, the effect of various infall rates:
and shapes could not be tested.

ITI. Our study showed that there was little likelihood of rough-
ness due to the presence of larger blocks. However, the
roughness contribution due to craters was not studied. We
propose that we use the same techniques to estlmate the
creation and disappearance of craters.

We propose, therefore, the following new Work:

(a)
(b)
KC)
(d)
(e)
(£)

(9)

Develop a method of estimating the birthrate of
new craters.

Develop a mcthed of estimating the catastrophic
disappearance of old craters.

Develop a method of estimating crater rim erosion
or deterioration.

Develop a method of estimating crater fill-in rate.
Using (a) through (d), develop a method to simu-
late the behavior of the lunar surface as a

function of time and in~-fall rate.

From (e) develop a method for estimating the
roughness of the moon.

Make an estimate of the roughness of the surface
due to craters.

We believe that we can use. the matrix approach used in this
study on the crater problem. The output would probably be in
the form of the number of craters of a given size per square

kilometer.

For a given crater size the number of a given

diameter to depth ratio would be computed. Thus, the output
would be a two dimensional array with diameter on- one side
and diameter to depth ratios on the other side.
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